Retinal neurons exhibit sustained versus transient light responses, which are thought to encode lowand high-frequency stimuli, respectively. This dichotomy has been recognized since the earliest intracellular recordings from the 1960s, but the underlying mechanisms are not yet fully understood. We report that in the ganglion cell layer of rat retinas, all spiking amacrine interneurons with sustained ON photoresponses receive gap-junction input from intrinsically photosensitive retinal ganglion cells (ipRGCs), recently discovered photoreceptors that specialize in prolonged irradiance detection. This input presumably allows ipRGCs to regulate the secretion of neuromodulators from these interneurons. We have identified three morphological varieties of such ipRGC-driven displaced amacrine cells: (1) monostratified cells with dendrites terminating exclusively in sublamina S5 of the inner plexiform layer, (2) bistratified cells with dendrites in both S1 and S5, and (3) polyaxonal cells with dendrites and axons stratifying in S5. Most of these amacrine cells are wide field, although some are medium field. The three classes respond to light differently, suggesting that they probably perform diverse functions. These results demonstrate that ipRGCs are a major source of tonic visual information within the retina and exert widespread intraretinal influence. They also add to recent evidence that ganglion cells signal not only to the brain.
INTRODUCTION
Vision begins in the retina, where multiple stimulus attributes are processed in parallel. For example, the >10 types of bipolar cells, >30 types of amacrine cells, and >20 types of ganglion cells are divided into ON and OFF varieties, signaling increments and decrements in light intensity, respectively. Moreover, both ON and OFF neurons are further divided into transient versus sustained types to encode different temporal information [1] . Significant effort has been made to elucidate the mechanisms shaping a cell's photoresponse kinetics. For amacrine cells, transient photoresponses may be produced by inhibitory feedback to presynaptic bipolar cells [2] , the use of N-methyl-D-aspartic acid (NMDA)-type glutamate receptors [3] , and rapid desensitization of ionotropic glutamate receptors [4] . Conversely, sustained amacrine photoresponses have been correlated with the presence of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptors [3] , certain voltage-dependent conductances [2] , and, most pertinent to the present study, excitatory input from intrinsically photosensitive retinal ganglion cells (ipRGCs) [5] .
ipRGCs are inner retinal photoreceptors that contain the photopigment melanopsin and mediate irradiance-dependent visual functions such as pupillary constriction, circadian photoentrainment, and brightness discrimination [6, 7] . Though ipRGCs are directly light sensitive, they also receive synaptic input and generate rod/cone-driven photoresponses. Both their melanopsin-based and rod/cone-driven light responses are depolarizing and far more tonic than the light responses of all other ganglion cells [8] . ipRGCs signal not only to the brain, but also to about one-third of the dopaminergic amacrine (DA) cells [5] , through which ipRGCs might regulate dopamine secretion [9] . ipRGCdriven DA cells exhibit sustained excitatory photoresponses that survive pharmacological block of ON bipolar cell signaling but are abolished by AMPA/kainate receptor antagonism, indicating that they respond to ipRGC input via ionotropic glutamate receptors. By contrast, the remaining DA cells, which do not get ipRGC input, generate transient light responses mediated by ON bipolar cells [5] .
Intraretinal signaling by ipRGCs could extend beyond DA cells because a recent study revealed tracer coupling between ipRGCs and some amacrine cells displaced to the ganglion cell layer (GCL) [10] . Because tracer coupling implies the presence of gap junctions and gap junctions form sign-preserving electrical synapses, coupling between ipRGCs and displaced amacrines could allow the former to transmit their tonic depolarizing light responses to the latter, which would represent a novel mechanism for producing sustained photoresponses in amacrine cells. We tested this hypothesis here.
RESULTS

Overview
This was part of a 5-year project searching for ipRGCs and ipRGC-driven displaced amacrine cells in rat retinas. We whole-cell recorded from $3,900 randomly selected somas in the GCL of Sprague Dawley rat eyecups, presented a 10 s fullfield 480-nm light step to each neuron, and studied those exhibiting a purely depolarizing response throughout the stimulus. All other neurons were discarded, including those that depolarized transiently and those that hyperpolarized either transiently or continuously. When a sustained ON cell was found, rod/cone signaling was blocked using a cocktail of ''glutamate blockers'' containing 50 mM L-(+)-2-amino-4-phosphonobutyric acid (L-AP4), 40 mM 6,7-dinitroquinoxaline-2,3-dione (DNQX), and 25 mM D-(À)-2-amino-5-phosphonopentanoic acid (D-AP5). Light steps of 10 s were presented again to probe for rod/cone-independent responses. Intracellular dye fills were analyzed using confocal microscopy to examine the cells' morphologies. All neurons extending an axon toward the retinal surface were categorized as ipRGCs and described elsewhere [11] . The rest were amacrine cells and are discussed in the present communication.
Non-spiking, Sustained ON Amacrine Cells Lack Rod/ Cone-Independent Light Responses Early in the project, we encountered many small non-spiking GCL neurons exhibiting sustained ON photoresponses in normal Ames' medium, of which most were starburst cells ( Figure 1A ). Without exception, their light responses were eliminated by the abovementioned glutamate-blocking cocktail (n = 12) ( Figure 1B ) or by L-AP4 alone (n = 5), suggesting that non-spiking, sustained ON cells respond to light only through rod/cone input. To increase the efficiency of our search for ipRGC-driven amacrine cells, we discarded all subsequently encountered non-spiking, sustained ON cells.
All Spiking, Sustained ON Amacrine Cells Generate Rod/ Cone-Independent Photoresponses We came across 232 spiking neurons displaying sustained ON photoresponses in normal Ames' medium, of which 154 lacked a superficially projecting axon and were presumed amacrine cells. To verify that the absence of such an axon reliably identifies amacrine cells, we randomly picked 47 of these 154 putative amacrines for immunohistochemistry against the RGC marker RBPMS [12] , and none were stained (Figure 2A ). Eight additional randomly selected presumed amacrines were tested with an antibody against the amacrine-cell neurotransmitter GABA, and six were immunopositive ( Figure 2B ).
Remarkably, all 154 spiking sustained ON amacrine cells remained light sensitive in the presence of the glutamate blockers ( Figure 2C ), indicating an ability to respond to light without rod/ cone input. Glutamate block altered these cells' photoresponses in three ways: their threshold intensity was elevated by several log units, response onset was delayed, and the transient hyperpolarization often seen at light offset was eliminated ( Figure 2C ).
Evidence for Input from ipRGCs
During rod/cone signaling block, the sustained displaced amacrine cells' light responses had a striking resemblance to the sluggish melanopsin-based photoresponses of ipRGCs [13] . To test whether these responses originated from ipRGCs, we used the method described in [11] to estimate their l max and found it to be 478.3 ± 0.8 nm ( Figure 3A) , which was statistically indistinguishable (p = 0.35) from the l max previously measured for ipRGCs' melanopsin-based responses [11] . As additional evidence for ipRGC input, we were able to detect similarly sluggish, melanopsin-like depolarizing photoresponses in three displaced amacrine cells in retinally degenerate mouse retinas ( Figure 3B ).
Morphological Classification
The dye fills of 116 ipRGC-driven amacrines were sufficiently robust to enable detailed examination of their dendritic morphologies, which formed three broad categories. Forty-three cells had dendrites stratifying exclusively in sublamina S5 of the inner plexiform layer (IPL) ( Figure 4A ), while 31 cells had dendrites stratifying in S1 and S5 ( Figure 4C ). The remaining 42 cells possessed not only dendrites, but also several long, relatively straight and thin axons; these polyaxonal amacrines stratified in S5 ( Figure 4E ). For all three categories, some distal processes were so fine that it was difficult to judge whether the confocal images captured the entire dendritic/axonal field. In the field size histograms in Figure 4 , the cells that were unequivocally completely imaged are represented by the light columns, whereas those that might not have been fully imaged are indicated by the dark columns. The field sizes within each category spanned a very large range, suggesting that each category most likely included multiple cell types (Figures 4B, 4D, and 4F).
As mentioned earlier, some DA cells receive ipRGC input [5] . In the Sprague Dawley rat retina, a very small number (fewer than ten per retina) of DA cells are displaced to the GCL [14] . To assess whether our spiking sustained ON amacrines were merely displaced DA cells, we randomly picked nine cells (two monostratified, one bistratified, and six polyaxonal) for immunostaining against the DA cell marker tyrosine hydroxylase. None was labeled ( Figure 4G ), indicating that they are novel ipRGCdriven cells.
Photoresponse Diversity
Figures 5A-5C show the ipRGC-driven displaced amacrine cells' averaged graded responses, and Figures 5H-5J show their averaged spiking responses. Because morphological diversity implies functional diversity, we quantified these amacrine cells' light responses and looked for differences among the three classes. For both graded and spiking responses, four properties were quantified: (1) peak amplitude in normal Ames' medium; (2) final-to-peak amplitude ratio in normal Ames' medium, calculated by dividing the response amplitude near the end of the 10 s stimulus by the peak amplitude (this ratio quantifies the ''sustainedness'' of the response); (3) peak amplitude during glutamate block; and (4) latency to peak during glutamate block. No class-dependent differences were found for the peak amplitude of the graded responses, whether measured in the presence of normal Ames' medium ( Figure 5D ) or glutamate blockers ( Figure 5F ). For each of the other properties, however, significant differences could be seen between at least two morphological classes. The bistratified and monostratified cells were different in three properties (Figures 5E, 5M, and 5N), bistratified and polyaxonal cells in five (Figures 5E, 5G, 5K, 5L, and 5N), and monostratified and polyaxonal cells in four ( Figures 5G, 5K , 5M, and 5N).
Synaptic Mechanisms
The next series of experiments investigated the mechanisms through which ipRGCs transmit photoresponses to displaced amacrine cells. Based on a previous report of tracer coupling [10] , we hypothesized that our sustained amacrines received ipRGC input through electrical synapses. To test this, we isolated melanopsin-driven light responses using the glutamate blockers and added 50-100 mM meclofenamic acid (MFA) to block gap junctions [15] . All amacrine cells' (n = 11) melanopsin-mediated light responses were dramatically reduced, indicating a critical role for gap junctions ( Figure 6A ). By contrast, the intrinsic light responses of ipRGCs (two M1 cells, one M3 cell, one M4 cell, and two M5 cells) were not significantly affected by MFA (p = 0.09; data not shown). Many amacrine cells signal to each other through glycine and GABA [16] . Thus, ipRGCs could conceivably transmit excitatory photoresponses not only to directly coupled amacrine cells, but also to amacrine cells receiving polysynaptic disinhibitory input from ipRGC-coupled amacrines. To test this possibility, we blocked GABA A , GABA B , GABA C , and glycine receptors using 10 mM bicuculline, 20 mM CGP52432 (3-
In all the experiments presented so far, rod/cone-driven light responses were blocked using L-AP4, DNQX, and D-AP5, which completely disrupt signaling from the outer retina to the inner retina. However, DNQX and D-AP5 also antagonize ionotropic glutamatergic transmission within the IPL. Thus, if ipRGCs signal to some displaced amacrine cells through ionotropic glutamate receptors, using these three drugs to find rod/cone-independent photoresponses would have caused us to miss such amacrines. To test this possibility, we spent 6 weeks searching for spiking, sustained ON displaced amacrines in the presence of L-AP4, which abolishes ON bipolar cells' photosensitivity while sparing ionotropic glutamatergic transmission [17] . Twelve such cells were encountered, and all of their light responses were minimally affected by the addition of DNQX and D-AP5 ( Figure 6C ). In conclusion, ionotropic glutamate receptors do not mediate ipRGC signaling to displaced amacrine cells.
ipRGC transmission to DA cells can be blocked by the voltagegated Na + channel antagonist tetrodotoxin (TTX) (C. Atkinson and D. Zhang, 2014, Assoc. Res. Vision Ophthalmol., abstract). We next tested whether this also applies to ipRGC-driven displaced amacrine cells. Although 600 nM TTX eliminated all spiking activity in these neurons, the graded component of their melanopsin-driven photoresponses was largely intact (Figure 6D) , indicating that voltage-gated Na + channels are not required for signal transmission from ipRGCs. However, these graded light responses were significantly reduced (p = 0.0016), implying an involvement of these channels.
The Rod/Cone Input Is Also Sustained Although melanopsin is well known for its ability to evoke tonic light responses [5, 13] (see also Figures 2C and 3B ), rod/conedriven networks can also support remarkably long-lasting inner retinal photoresponses [8] . We next tested whether rod/cone input is sufficient to evoke sustained photoresponses in ipRGC-driven displaced amacrine cells. Light responses were recorded from them first in normal Ames' medium, and again after addition of 50-100 mM MFA to block gap junctions, including those connecting ipRGCs to amacrine cells. In the presence of MFA, these amacrine cells' photoresponses ended abruptly at light offset, suggesting effective block of ipRGC input ( Figures  7A and 7B) . MFA made the light responses somewhat more transient, with a steady state that was more hyperpolarized than that observed before MFA treatment ( Figures 7A and 7B) , and the final-to-peak amplitude ratio was reduced from 0.52 ± 0.04 to 0.37 ± 0.06 (p = 0.016) ( Figure 7C ). But these responses remained depolarized throughout the 10 s light, with an accompanying sustained elevation in spiking ( Figure 7A ). In conclusion, rod/cone input can drive sustained photoresponses in these cells, though addition of ipRGC input makes them even more tonic. This suggests that the light responses of ipRGCs should be more sustained than those of the ipRGC-coupled amacrines, and indeed, the final-to-peak amplitude ratio for the former (Figure 7D ) was significantly higher (p < 0.001) than for the latter (Figure 7C , left column).
DISCUSSION Light Responses of Rare Amacrine Cells and Origins of Sustained Signals
Due to their low abundance, most wide-field amacrine cells have been little studied. In salamanders, amacrine cells include wide-versus narrow-field varieties, which generate transient and sustained light responses, respectively [18] . By contrast, in mammalian retinas, both transient [19] [20] [21] [22] and sustained [23] responses have been recorded from wide-field amacrine cells, as well as from narrow-field ones [24] . Here, we detected spiking, sustained ON light responses in displaced rat amacrine cells with very diverse field sizes. If we categorize cells with 200-500 mm fields as medium field and larger ones as wide field [25] , $80% of our cells were wide field. Thus, at least in the GCL, most spiking, sustained ON amacrines are wide field, the opposite of that observed for salamanders. Zhang and colleagues reported that among mouse DA cells, those with ipRGC input displayed tonic light responses, while the rest had transient responses, suggesting that DA cells might require melanopsin input to generate sustained responses [5] . Although we likewise found all spiking sustained ON displaced amacrines to be ipRGC driven, melanopsin cannot be the sole source of tonic information since they were still tonic when ipRGC input was blocked by MFA. This result has one caveat, however, because MFA disrupted not only ipRGC-amacrine coupling, but also gap junctions throughout the retina, which could have made normally transient rod/cone circuits more sustained. Nevertheless, we previously learned that even with melanopsin knocked out, long-lasting inner retinal photoresponses were still readily detectable [8] . Moreover, many nonspiking amacrine cells have sustained, non-ipRGC-mediated responses ( Figure 1 ). An obvious question is, if the rod/cone input is sufficient to drive tonic responses, why would the spiking, sustained ON amacrines also need ipRGC input? A plausible reason is that their functional roles require them to generate photores- ponses even more tonic than can be supported by the rod/cone input. By drawing input from both ipRGCs and rod/cone circuits, these amacrine cells ensure that their light responses are sufficiently tonic.
Synaptic Circuits Mediating ipRGC Signaling to Displaced Amacrine Cells
Coupling between amacrine cells and RGCs has been proposed to allow the former to regulate the latter, e.g., increasing receptive field size and contrast sensitivity [26] , synchronizing RGCs' firing activities and enhancing their motion sensitivity [27] , and providing an excitatory input to RGCs [28] . Here, we report electrical signaling in the opposite direction, allowing ipRGCs to propagate their tonic photoresponses to amacrine cells. Both mouse and rat possess five types of ipRGCs (M1-M5) with different light responses [11, 29] . Using mice containing fluorescently labeled M1-M3 ipRGCs, Mü ller et al. found tracer coupling between these three types and displaced amacrine cells [10] . The alpha-like M4 type is probably also connected to displaced amacrines because ON alpha cells are well known to be amacrine coupled [30, 31] . Thus, our ipRGC-coupled amacrines could be driven by any of these four types, and the three morphological classes' photoresponse diversity raises the possibility that they draw input from different ipRGCs. Notably, the bistratifying amacrine cells' melanopsinmediated responses usually peaked faster than those of the other morphological groups (Figures 5G and 5N) , suggesting that they might be coupled to M1 cells, which have the fastest intrinsic light responses among ipRGCs [11] . Reinforcing this possibility, these bistratified cells are the only ipRGC-coupled amacrines to have dendrites in the S1 sublamina, where they could contact M1 cells' S1-stratifying dendrites.
ipRGC-amacrine coupling was first proposed by Sekaran et al., who observed that the gap-junction blocker carbenoxolone abolished the light-evoked Ca 2+ dye responses in about half of all photosensitive GCL somas in rodless, coneless retinas [32] . This conclusion became questionable when subsequent work showed that the percentage of light-responsive GCL neurons detected by Sekaran et al. ($3%) roughly matched the percentage of ipRGCs [33] and that carbenoxolone could block the light-induced Ca 2+ dye responses of dissociated ipRGCs [34] .
However, the demonstration of tracer coupling strengthened the possibility of ipRGC-amacrine coupling [10] , which we validated here. Some ipRGCs' axons extend collaterals [35] , which have been proposed to innervate the sustained DA cells (C. Atkinson and D. Zhang, 2014, Assoc. Res. Vision Ophthalmol., abstract). These glutamatergic collaterals are unlikely to contact our displaced amacrine cells because robust melanopsindriven light responses persisted in the presence of DNQX and D-AP5. The fact that ipRGC signaling to displaced amacrines survived the glutamate blockers further ruled out any requirement for cholinergic or dopaminergic transmission because glutamate block abolishes the photoresponses of cholinergic starburst cells (Figure 1 ) [36] and DA cells [5, 37] . Disinhibitory GABAergic/glycinergic synapses probably also do not participate in signaling from ipRGC-coupled amacrine cells to other amacrines as melanopsin-driven light responses were not weakened by GABA/glycine antagonists. Thus, gap junctions mediate all synaptic transmission from ipRGCs to displaced amacrine cells.
Displaced amacrine cells' melanopsin-driven light responses survived TTX, suggesting that signaling from ipRGCs does not require Na + spikes. TTX did reduce these responses, however, indicating that ipRGC signaling is facilitated by voltage-gated Na + channels, and indeed, wide-field amacrines often use active conductances to boost long-range propagation [20, 38, 39] . Such partial reliance on voltage gating suggests that ipRGCs' light responses might travel fairly far to reach the coupled amacrine cells. This may be especially true for the medium-field amacrine cells because RGCs are directly coupled only to wide-field and polyaxonal amacrines [40] , so these medium-field cells presumably connect electrically to ipRGCs by way of wide-field and/or polyaxonal cells. (D) The averaged final-to-peak photoresponse amplitude ratio measured from 45 ipRGCs (6 M1, 12 M2, 4 M3, 13 M4 and 10 M5) during superfusion with normal Ames' [11] . Stimulus intensity was 13.6 log photons cm À2 s À1 in all panels.
The Extent of Intraretinal Signaling by ipRGCs
Half of all rat GCL neurons are displaced amacrines [41] . Thus, assuming that we sampled randomly from all soma sizes, half of the recorded cells ($1,950) were amacrine cells, and the 154 ipRGC-driven amacrines constituted 7.9% of this population. In mice, $11% of displaced amacrine cells are RGC coupled [28] . If that percentage also applies to rats, then $70% of RGC-coupled displaced amacrine cells are connected to ipRGCs, although this is likely to be an overestimate since [28] focused on cells directly coupled to RGCs, whereas some of our amacrines could have been coupled to ipRGCs indirectly. Although conservative morphological criteria grouped our ipRGC-driven amacrines into only three categories, the wide range of field sizes suggests that each category probably comprised multiple cell types. Following Mü ller and colleagues' nomenclature for displaced amacrines and their use of 500 mm as the cutoff between medium and wide fields [25] , our ipRGCdriven cells included five types: MA-S5, MA-S1/S5, WA-S5, WA-S1/S5, and PA-S5. Although Mü ller et al. did not encounter WA-S5 or WA-S1/S5 in mice, both have been seen in rats [42] . The >30 morphological types of amacrine cells secrete various neuromodulators, which diffuse to other retinal neurons to regulate their physiology [43, 44] . Finding out what neuromodulators are used by the ipRGC-coupled amacrine cells would provide insights into how these neurons might influence retinal physiology. At least 11 neuromodulators have been detected in displaced rat amacrine cells: cholecystokinin [45] , corticotropin releasing factor [46] , dopamine [14] , epinephrine [47] , neurokinin A and B [48] , neuropeptide Y [49] , nitric oxide [50] , somatostatin [51] , substance P [52] , and vasoactive intestinal peptide [53] . We have shown that ipRGC-coupled rat amacrine cells are not dopaminergic ( Figure 4G ), and preliminary experiments have further ruled out neuropeptide Y and somatostatin (data not shown).
There are likely to be even more ipRGC-driven amacrine cells in the inner nuclear layer (INL). Using the immediate early gene c-fos to label light-activated neurons in mice lacking rod/cone function, Barnard and colleagues showed that light excited 4-fold more cells in the INL than in the GCL [54] . Since the INL contains only a few displaced ipRGCs [55] , the vast majority of the FOS + INL cells were presumably ipRGC-driven amacrines, which far outnumbered the FOS-stained ipRGCs and ipRGCcoupled amacrines in the GCL.
EXPERIMENTAL PROCEDURES
Whole-Cell Recording All procedures were approved by the University Committee on Use and Care of Animals at the University of Michigan. Methods for euthanasia, eyecup generation, whole-cell recording, and photostimulation were described in detail previously [11] . In brief, eyecups were harvested from dark-adapted Sprague Dawley rats and cut into quadrants. One quadrant was flattened on a superfusion chamber, superfused with 32 C Ames' medium, and kept in darkness except during light presentation. The GCL was visualized through infrared transillumination and whole-cell recording obtained from randomly selected somas using an internal solution containing 120 mM K-gluconate, 9 mM Neurobiotin-Cl, 10 mM HEPES, 2 mM EGTA, 4 mM Mg-ATP, 0.3 mM Na-GTP,7 mM Tris-phosphocreatine, 0.1% Lucifer Yellow, and KOH to set pH at 7.3. All stimuli were full-field 480-nm light, with intensity adjusted using neutral density filters. Pairwise statistical comparisons were made using the Student's t test, with p < 0.05 indicating significant differences. All error values are SEM.
In the experiment measuring light responses in retinally degenerate mice, we used CBA/J mice carrying the Pde6b rd1 mutation (Jackson Laboratory 000656) that were at least 9 months old. Experimental procedures were identical to the above, except that isolated retinas were used.
Morphological Characterization
The methods for immunohistochemistry and morphological analysis have also been detailed previously [11] . In brief, each recorded retina was fixed in 4% paraformaldehyde for [12] [13] [14] [15] [16] [17] [18] [19] [20] Recorded cells were imaged through confocal microscopy at 0.38-mm z steps, and dendritic stratification levels were determined in rotated images. The ''equivalent circle'' method was used to quantify a cell's field size: after drawing straight lines to connect the tips of all processes in the confocal z projection, we measured the resultant polygon's area and expressed field diameter as the diameter of the circle whose area matched the polygon's. In the figures showing the streptavidin or Lucifer Yellow staining of recorded cells, all extracellular staining was masked manually.
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